Abstract Advent of an effective schistosome vaccine would contribute significantly toward reducing the disease spectrum and transmission of schistosomiasis. We have targeted a functionally important antigen, Sm-p80, as a vaccine candidate because of its consistent immunogenicity, protective and antifecundity potentials, and important role in the immune evasion process. In this study, we report that using two vaccination approaches (prime boost and recombinant protein), Sm-p80-based vaccine formulation(s) confer up to 70% reduction in worm burden in mice. Animals immunized with the vaccine exhibited a decrease in egg production by up to 75%. The vaccine elicited strong immune responses that included IgM, IgA, and IgG (IgG1, IgG2a, IgG2b, and IgG3) in vaccinated animals. Splenocytes proliferated in response to Sm-p80 produced Th1 and Th17 response enhancing cytokines. These results again emphasize the potential of Sm-p80 as a viable vaccine candidate for schistosomiasis.
Introduction
Schistosomiasis has been a health concern since at least the ancient Middle Kingdom period (1500 BC) (El-Khoby et al. 2000) ; still, in the 21st century, it afflicts mankind in 76 different countries and carries an estimated yearly mortality rate of 280,000 (van der Werf et al. 2003) . Estimates also indicate that 207 million people are infected and an additional 779 million people are at risk of acquiring this neglected tropical disease (Hotez et al. 2007; Steinmann et al. 2006) . Traditionally, control of schistosomiasis has relied mostly on treatment with a single drug, praziquantel, to purge adult worms, however, this strategy has no prophylactic properties and the drug is ineffective against larval forms of the parasite (Utzinger et al. 2003; Wilson et al. 2008 ). In the last decade, consensus has been developing that to attain a long-lasting decrease in the disease spectrum and transmission of schistosomiasis, an approach based on vaccination coupled with chemotherapy needs to be designed and implemented (Bergquist et al. 2005 (Bergquist et al. , 2008 ). An efficacious anti-schistosome vaccine would contribute significantly to the lessening of morbidity associated with schistosomiasis via protective immune responses that should lead to reduced worm burdens and decreased egg production (Bergquist et al. 2005 (Bergquist et al. , 2008 Hagan and Sharaf 2003; Lebens et al. 2004; McManus and Loukas 2008; Siddiqui et al. 2008) . As it relates to the vaccine development, protective and antifecundity potential of Sm-p80 in both murine (Ahmad et al. 2009a; Siddiqui et al. 2003a, b) and nonhuman primate (Ahmad et al. 2009b; Siddiqui et al. 2005b ) models, has repeatedly demonstrated its potential as a viable vaccine candidate for the reduction of morbidity associated with schistosome infection. In addition, Sm-p80 was initially recognized to play a pivotal role in the schistosome immune evasion process of surface membrane turnover (Siddiqui et al. 1993; Silva et al. 1993; Young and Podesta 1986; Zhou and Podesta 1989) , therefore, Sm-p80 can be characterized as a unique target to elicit protective immunity against schistosome infection.
This study was designed to further enhance and refine the vaccine efficacy of Sm-p80. In the present communication, we report that using a prime-boost approach and a recombinant protein immunization strategy in the presence of synthetic oligodeoxynucleotides (ODN) containing unmethylated CpG dinucleotides, high levels of reduction in worm burden and egg production can be achieved that are comparable to levels previously recorded only with the irradiated cercarial vaccine in the murine model [for review, see (Hewitson et al. 2005) ].
Materials and methods
Cloning, expression, and purification of Sm-p80
Full-length coding sequence of Sm-p80 (Siddiqui et al. 2003a ) was cloned into pCold II vector (GenScript Corp., Piscataway, NJ, USA). Escherichia coli BL21 (DE3; Invitrogen Corp., Carlsbad, CA, USA) were used as the expression host strain. The expressed proteins were initially purified via Ni-nitrilotriacetic acid-agarose resin (Qiagen Inc., Valencia, CA, USA), followed by gel filtration chromatography using a Sephadex G-150 column. The fractions were analyzed by SDS-PAGE, the fractions containing a clear single protein band were pooled, and the protein concentrations were determined. Endotoxin levels in the protein samples were analyzed with a Limulus amebocyte lysate assay (Charles River Laboratories International, Inc., Wilmington, MA, USA).
Immunization protocol C57BL/6 mice were purchased from Charles River Laboratories International Inc. (Wilmington, MA, USA). A total of 15 mice (three groups of five mice each) were immunized intramuscularly for naked DNA plasmid vaccine and subcutaneously for the protein vaccine formulation as follows: group 1 (control prime-boost), animals were immunized with 100 µg pcDNA3 at week 0 and boosted with 50 µg ODN #2137 (TGC TGC TTT TGT GCT TTT GTG CTT; Coley Pharmaceutical Group, Wellesley, MA, USA) at week 4 and 8. Group 2 (experimental prime-boost) mice were immunized with 100 µg Sm-p80-pcDNA3 (Siddiqui et al. 2003a, b) at week 0 and boosted on week 4 and 8 with 25 µg recombinant Sm-p80 protein mixed with 50 µg ODN #10104 (TCG TCG TTT CGT CGT TTT GTC GTT; Coley Pharmaceutical Group, Wellesley, MA, USA). Group 3 (control recombinant protein), animals were immunized with 50 µg ODN # 2137 (TGC TGC TTT TGT GCT TTT GTG CTT) at week 0 and boosted with the same amount of ODN #2137 on week 4 and week 8. Group 4 (experimental recombinant protein), mice were immunized with 25 µg recombinant Sm-p80 protein mixed with 50 µg ODN #10104 (TCG TCG TTT CGT CGT TTT GTC GTT) at week 0, and boosted with the same amount of protein plus ODN on week 4 and 8.
Challenge infection
Biomphalaria glabrata snails, infected with Schistosoma mansoni (Puerto Rican strain) were obtained from the Schistosomiasis Resource Center (Biomedical Research Institute, Rockville, MD, USA). Four weeks after the second boost, mice from the four groups were challenged with 150 cercariae of S. mansoni. The animals were sacrificed 6 weeks after challenge; adult worms were perfused from the hepatic portal system and also manually removed from the mesenteric veins. The number of worms recovered from each mouse (worm burden) was recorded and percentage reduction in worm burdens in vaccinated versus control animals was calculated (Ahmad et al. 2009a) . After sacrifice, liver and intestine samples were collected from each animal and digested in 4% KOH. The number of eggs present in the tissue was determined and percent reduction in egg production was calculated (Ahmad et al. 2009a ).
Enzyme-linked immunosorbent assays
Sera obtained following bleeding of all of the animals were pooled in their respective groups and ultimately used to determine the antibody responses. Briefly, 96-well microtiter plates were coated with 1.2 µg recombinant Sm-p80. The antigen-coated wells were sequentially incubated with serial dilutions of test sera and optimally diluted horseradish peroxidase-labeled secondary antibody. To estimate IgG and its subtypes, IgA and IgM, secondary antibodies specific for mouse (anti-IgG1, IgG2a, IgG2b, IgG3, IgA, and IgM; Bio-Rad, Hercules, CA, USA) were used at a dilutions of 1:1,000. The enzyme-linked immunosorbent (ELISA) assays were performed as described previously (Ahmad et al. 2009a; Siddiqui et al. 2003a, b) . All of the samples were assayed in triplicate. Results are expressed as end-point titers calculated from a curve of optical density verses serum dilution to a cut-off of two standard deviations above background control values. Results are expressed as the mean±S.E.
Cell proliferation and cytokine production assay Single-cell suspensions were prepared from the spleens of control and experimental animals as described elsewhere (Siddiqui et al. 2005a) . For determination of cell proliferation and cytokine production, 5×10 6 splenocytes/ml were cultured in a final volume of 200 µl in 96-well flat-bottom plates in the presence of either 1.2 µg recombinant Sm-p80 protein or 0.5 µg Con A. One hundred μl culture supernatants were collected after 48 h incubation to estimate IL-2, IL-4, IL-10, and INF-γ production. All of these cytokines were measured by using a murine cytokine Th1/Th2 ELISA panel kit (eBiosciences Inc., San Diego, CA, USA), following the procedure provided by the manufacturer. The remainders of the cell cultures were processed for cell proliferation assays as described previously (Siddiqui et al. 2005a ).
RNA extraction, cDNA synthesis, and reverse transcription polymerase chain reaction
After sacrificing the animals, each spleen was removed aseptically then meshed through a fine screen in RPMI 1640 medium (HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS). The splenocytes were collected via centrifugation and the pellet was stored in Opti-Freeze DMSO Cryopreservation Medium (Fisher Scientific, Hampton, NH, USA), at −85°C until used. The day of assay, the cells were thawed, washed with Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% FBS and the cells were collected by centrifugation (Siddiqui et al. 2005a ). The viability of cells was determined via Trypan Blue, >80% of cells were found to be viable. Cells were plated at 5×10 6 cells/ml in a final volume of 200 µl per well in 96-well flat-bottom microtiter plates containing RPMI 1640 medium (HyClone, Logan, UT, USA) supplemented with 10% FBS and 100 μg/ml each of penicillin and streptomycin and 10 μg/ml gentamicin. Cells were cultured in the presence or absence of Smp80 antigen and as a positive control concanavalin A was used. The cultures were maintained at 37°C for 24 to 48 h. Total RNA were extracted from splenocytes before and after stimulation of cells with recombinant Sm-p80 via TRIzol method (Invitrogen Corp., Carlsbad, CA, USA). Reverse transcription reactions for first strand cDNA synthesis were carried out as described previously (Smith et al. 1999) . Expression levels of different cytokines [IL-1α, IL-1β, IL-2, IL3, IL-4, IL-5, IL-6, IL-7, IL-8 (=MIP-2), IL-9, IL-10, IL-11, IL-12α, IL-12β, IL-13, IL-14, IL-15, IL-16,IL-17, IL-18, IL-19, IL-20, IL-21, IL-22, IL-23, TNF-α, IFN-γ, TGF-β1 and TGF-β2], and GAPDH were determined via reverse transcription polymerase chain reaction (RT-PCR) using published protocols (Godinez et al. 2008; Montgomery and Dallman 1991; Lauwerys et al. 2000; Brandt et al. 2003; Shen et al. 2006; Ren et al. 2005; Yoshida et al. 2000) . PCR products were analyzed on 2% agarose gels and relative differences in expression levels of cytokines were determined using Quantity One (version 4.6.2) computer program (Bio-Rad, Hercules, CA, USA).
Statistical analyses
To calculate the total sample size of experimental animals required per immunization, Fisher's exact test (two-sided) was used, assuming the minimum detectable difference in response proportions P E and P C with 80% power and type I error rate of 0.05. If P C =0 (no response in control animals) and P E =0.5 (any measurable immune response, e.g., antibody production as determined by Western analysis or ELISA, T cell stimulation, cytokine production, protection from challenge infection, in 50% of the experimental animals) the number of animals needed per group is 15.
Data generated in this study was statistically analyzed as follows: significance between two groups was calculated via one-way analysis of variance and in group significance, by paired t test, using SPSS computer program. Bonferroni adjustments were included for multiple comparisons, to reduce the risk of reaching false conclusions based on chance. P values obtained from these methods were considered significant if they were <0.05.
Results

Expression of Sm-p80
The expression of Sm-p80-pcDNA construct used in these studies has been described previously (Siddiqui et al. 2003a; b) . Expression of Sm-p80 in E. coli BL21 (DE3) is shown in Fig. 1 . Both Coomassie-stained polyacrylaime gel (Fig. 1a) and western blot analyses (Fig. 1b) of the bacterially expressed protein showed a discrete band at 80 kDa region, representing Sm-p80. The recombinant protein used in immunizations contained minimal endotoxin levels (approximately 0.06 EU/ml) which are acceptable levels, approved for human use by the Food and Drug Administration.
Protective and anti-fecundity effects of Sm-p80-based vaccines
The protective potential of Sm-p80 was determined, first by using a vaccination regimen that involved the initial priming with plasmid DNA and boosting it twice at monthly intervals with the recombinant protein in the presence of ODN. In the group of mice immunized with this prime-boost approach, a 57% reduction in worm burden was recorded ( Fig. 2a; Table 1 ). In the control group of mice, 42.56% of the worms recovered were males and 57.43% were females. Whereas, in the experimental prime-boost group, the worm count was as follows: males (44.11%) and females (55.88%). In the second approach, mice were immunized initially with the recombinant Sm-p80 protein in the presence of ODN as an adjuvant, and boosted twice with the same vaccine formulation, 4 weeks apart. Using this recombinant protein vaccination protocol, a 70% reduction in the worm burden was observed ( Fig. 2a ; Table 1 ). In the control group of mice (recombinant protein), 43.68% of the worms recovered were males and 56.31% were females. Similarly, in the experimental recombinant protein group, the worm count was as follows: males (42.85%) and females (57.14%). Both of these protection results were found to be statistically significant (p ≤ 0.001). Similarly, antifecundity effect of the two vaccine formulations was even more pronounced. Specifically, animals immunized with the prime-boost approach exhibited a decrease in egg production by 71%, as determined by the total number of worms recovered ( Fig. 2b ; Table 1 ). Based on the number of female worms recovered, the antifecundity effect was 65%. Likewise, mice vaccinated using the recombinant Sm-p80 plus ODN approach, a reduction of 75% was observed in egg production by adult worms ( Fig. 2b; Table 1 ). Based on the number of female worms obtained, the female fecundity reduction value for this group was 77%. Additionally, as previously reported, vaccination via DNA-prime/DNAboost approach resulted in 59% reduction in worm burden and 84% decrease in egg production (Ahmad et al. 2009a ).
Antibody response to Sm-p80 in vaccinated mice
In the sera collected from mice, immunized using the prime-boost approach, distinct antibody titers were obtained for the total IgG (Fig. 3a) and its subtypes [IgG1 (Fig. 4a) , IgG2A (Fig. 5a ), IgG2B (Fig. 5c ), and IgG3 (Fig. 6a] ). Pronounced antibody titers for IgA (Fig. 7a) and IgM (Fig. 8a) were also recorded. No detectable levels of Smp80-specific antibodies (total IgG or IgG subtypes; IgA and IgM) were found in the group of mice immunized with control plasmid DNA and boosted ODN alone. Titer for the total IgG in the prime-boost group started to rise at week 6 and reached the highest level at week 10 (end-point titer= 51,200) and stayed at this level until challenge (Fig. 3a) . For IgG subtypes, IgG1 titer in the prime-boost vaccinated .002) and in egg counts ( * p<0.001) was statistically lower in two experimental groups group an increase was seen at week 6 and levels reached a peak at week 10 and stayed at this high level (end-point titer=12,800) until the cercarial challenge (Fig. 4a) . Similarly, IgG2a titers reached a peak at week 10 (end-point titer=12,800; Fig. 5a ) and IgG2b at week 12 (end-point titer=12,800; Fig. 5c ). Similar patterns were observed for IgG3 (Fig. 6a) with highest levels reaching an end-point titer of 12,800 at week 12. IgA titers in the prime boost experimental group also rose sharply at week 8 and reached a peak level at week 10 (end-point titer=12,800; Fig. 7a) ]. IgM titers reached a peak level (end-point titer=12,800; Fig. 8a ) at week 10 in animals vaccinated using the primeboost approach.
Antibody titers were generally higher in the group of mice immunized with recombinant protein in the presence of ODN. Robust antibody titers were obtained for the total IgG (Fig. 3b ) and its subtypes [IgG1 (Fig. 4b) , IgG2A (Fig. 5b) , IgG2B (Fig. 5d) , and IgG3 (Fig. 6b] ). Welldefined antibody titers for IgA (Fig. 7b) and IgM (Fig. 8b) was also seen. No detectable levels of Sm-p80-specific antibodies (total IgG or IgG subtypes; IgA and IgM) were found in the sera obtained from the control group of mice. Titer for the total IgG in the recombinant protein vaccinated group started to rise at week 4 and reached the highest level at week 12 (end-point titer=102,400; Fig. 3b ). For IgG subtypes, titer of IgG1 in the vaccinated group showed an increase at week 4 and levels reached a peak at week 6 and stayed at this high level (end-point titer=12,800) until the cercarial challenge (Fig. 4b) . Similarly, IgG2a titers reached a peak at week 6 (end-point titer=12,800; Fig. 5b ) and Table 1 Anti-worm and anti-fecundity effects in C57BL/6 mice following immunization either with prime boost regimen IgG2b at week 8 (end-point titer=12,800; Fig. 5d ), and stayed at these levels until the challenge. Similar patterns were observed for IgG3 ( Fig. 6b ) with highest levels reaching an end-point titer of 12,800 at week 6 and stayed at this level until they were infected with schistosome cercariae. IgA titers in the recombinant Sm-p80 plus ODN group, rose sharply at week 6 (end-point titer=12,800; Sm-p80 for both of the vaccination approaches (primeboost and recombinant Sm-p80 plus ODN). As shown in Table 2 , INF-γ and IL-2 production was significantly higher in vaccinated animals as compared with the control group. It was observed that there is no statistically significant difference in the IL-4 and IL-10 production when compared with the control group. Using RT-PCR studies, IL-1α, IL-1β, IL-2, IL3, IL-4, IL-5, IL-6, IL-7, IL-8 (=MIP-2), IL-9, IL-10, IL-11, IL-12α, IL-12β, IL-13, IL-14, IL-15, IL-16,IL-17, IL-18, IL-19, IL-20, IL-21, IL-22, IL-23, TNF-α, IFN-γ, TGF-β1, and TGF-β2 expression was recorded and the agarose gels depicting the PCR products is shown in Fig. 9 . Based on relative difference between the samples from control and experimental animals; in the group vaccinated using the prime-boost approach, IFN-γ appeared to highly upregulated followed by IL-17. In the Sm-p80 plus ODN group, proliferating splenocytes in response to recombinant Sm-p80, expressed higher levels of IFN-γ, IL-12α and to a lesser extent, IL-22 and IL-8 (=MIP 2).
Discussion
For a molecularly defined schistosome vaccine to have a meaningful impact, it is likely to be judged against the cercarial radiation attenuated (RA) vaccine which is considered to be a "gold standard" (Hewitson et al. 2005) .
Immunization of mice with a single dose of RA-vaccine confers 56-80% protection against a challenge infection with S. mansoni (Sher et al. 1982; Minard et al. 1978; Ganley-Leal et al. 2005) . To this effect, 57-70% protection observed in this study using Sm-p80-based vaccine formulations is comparable to RA-vaccine with respect to its prophylactic efficacy. Protection in mice receiving a single vaccination with the RA vaccine is apparently mediated by the IFN-γ-dependent mechanisms; however, there is evidence that IgG antibodies may also play a role in this protection (Hewitson et al. 2005; Jankovic et al. 1999) .
Humoral immunity appears to contribute to a greater extent in conferring protection achieved through the multiple exposures of RA-vaccine to mice (Hewitson et al. 2005; Jankovic et al. 1999) . Similar to this, in our study, in mice vaccinated with prime-boost and recombinant protein approaches, IFN-γ was the apex cytokine produced by the proliferating splenocytes in response to Sm-p80 stimulation in vitro and this was coupled with high titers of IgG antibodies in the sera of immunized mice. Therefore, it appears that both of the vaccination strategies resulted in the induction of B cell-and IFN-γ-dependent mechanisms which is perhaps a requirement for an optimal vaccine against S. mansoni (Jankovic et al. 1999 ). Strong total IgG antibody production was observed in the sera of vaccinated mice for both the prime-boost (endpoint titer=51,200) and recombinant protein (end-point titer=102, 400) approaches. Even though consistent reactivity to IgM, IgA, and all of the IgG subclasses (IgG1, IgG2a, IgG2b, and IgG3), was detected in the sera obtained from mice immunized with both of the vaccination strategies; their highest titers plateaued at an end-point titer of 12,800. In toto, these antibody profiles suggest that a mixed Th1/Th2 type of response was generated. Generation of the mixed Th1/Th2 type of response has resulted in some improvement with regards to the reduction in worm burden and in antifecundity effects of the Sm-p80 compared to our previous studies in which Sm-p80 was used in a DNA vaccine formulation and a predominantly Th1-biased antibody response was observed in the mouse model (Ahmad et al. 2009a; Siddiqui et al. 2003a, b) .
Splenocytes from mice immunized via either prime-boost or recombinant protein approaches, proliferated significantly higher following stimulation in vitro with the recombinant Sm-p80 protein, compared to their respective controls. These proliferating splenocytes expressed cytokines that have been linked with protection. Specifically, in the prime-boost approach, upregulation of IFN-γ and IL-17 was observed. There is now consensus on the important role IFN-γ plays in conferring vaccine-mediated protection against schistosomes challenge infection in animal models (Ahmad et al. 2009a; Ahmad et al. 2009b; Da'dara and Harn 2005; Da'dara et al. 2006; Hewitson et al. 2005; Jankovic et al. 1999; Siddiqui et al. 2003b Siddiqui et al. , 2005a regulation of Th1, Th2, and interleukin (IL)-17-secreting lymphocytes is required to prevent severe liver pathology in murine schistosomiasis (Wilson et al. 2007) . Recently, it has been reported that a significant increase in plasma levels of TGF-β and IL-17 cytokines in C57BL/6 mice experimentally infected with S. mansoni are directly related to worm burden reduction (Tallima et al. 2009 ). Additionally, in mice which were vaccinated using the recombinant protein approach, in addition to Th1 response enhancing cytokines, IFN-γ, and IL-12α, expression of IL-22 and IL-8 was also upregulated. IL-22 is one of the key effector cytokines produced by Th17 cells (Bettelli et al. 2008) . It has been postulated that Th17 responses are likely to constitute an early response to a number of pathogens that are not managed well by Th1 or Th2 type of immunity and for which a strong tissue inflammation is needed to clear the infection (Bettelli et al. 2008) . In addition, IL-8 or its murine counterpart macrophage inflammatory protein 2 (MIP-2) is a major macrophage and lymphocyte chemoattractant (Kishimoto et al. 2001) . Taken together, the cytokine profile data indicate that a Th1 and Th17 type of response has been generated following vaccination with both of the approaches (primeboost and recombinant protein). In summary, the data presented here clearly indicate that using Sm-p80 as an antigen, reduction in worm burden (up to 70%, this study) as well as in egg production [up to 84% (Ahmad et al. 2009a) ] can be achieved to high levels which previously could only be recorded with a RA-vaccine. Additionally, thus far, four "research groups" have independently shown reproducible and consistent protection levels with Sm-p80 in animal models {Nagoya City University Medical School, Nagoya, Japan (Ohta et al. 2004; Zhang et al. 2001 ); The John P. Robarts Research Institute and University of Western Ontario, London, Canada (HotaMitchell et al. 1997 (HotaMitchell et al. , 1999 ; Laboratory of Parasitic Diseases, National Institute of Allergy and Infectious Diseases, Bethesda, MD (Jankovic et al. 1996) ; Texas Tech University Health Sciences Center (Siddiqui et al. 2003a (Siddiqui et al. , b, 2005a Ahmad et al. 2009a, b) }. Therefore, we believe that Sm-p80 is now ready to be moved into the next phase, i.e., scale up and cGMP production and prepare for Phase I/II human clinical trials.
